ABSTRACT
INTRODUCTION
The finite element method is currently one of the best established numerical tools in the field of biomechanical engineering and has been used in the computational analysis of the fluid flow around human structures. In the sports scope, it has been used in the study of the propulsive forces produced by the hand and forearm in human swimming. Despite the increasing amount of high quality research, a common weakness still remains. Practically all the models have been developed based on approximate analytical representations of the human structures and their geometrical accuracy has never been discussed. This approach has been commonly adopted, for example, to reduce the computational cost of memory requirements (Aritan et al., 1997) . However, one of the main reasons for such limitations is the difficulty to design a true digital model of the human limbs. In most cases, the authors used two-dimensional models (Bixler and Schloder, 1996; Silva et al., 2005; Rouboa et al., 2006) and when threedimensional models were used, these were very simple and reductive representations of the human limbs (Gardano and Dabnichki, 2006) . These differences between the true and computed models could lead to less accurate numerical results (Candalai and Reddy, 1992) . In an experimental simulation of the effect of the ischial tuberosity's geometry on the shear and compressive stress in buttock tissue, Candalai and Reddy (1992) showed that the influence of the geometry on the stress magnitude could be significant. In a numerical simulation of this experimental work, a possible variation of more than 60% was found in the shear stress. Magnetic resonance imaging and computer tomography scans seem to be a good approach for designing the true human models. However, the use of these kinds of scans is not a straightforward task and requires the implementation of image processing and other numerical techniques, such as the conversion into relevant coordinate input. It should be noted that mesh generation, the first step in finite element modeling, is a tough procedure, especially when solving the three-dimensional problems (Aritan et al., 1997) . Ideally, a mesh should allow modifications, usually by changing some predefined parameters and it should be based on directly obtained anatomical data. Thus, it is important to use the magnetic resonance imaging or the computer tomography data to provide geometrical input for generation or modification of finite element models. Most of the wellestablished finite element software packages provide special tools for parametric modification of an existing mesh. These tools help the user to reduce the time and to increase the accuracy and reliability of model modifications. Therefore, the aim of the present study was to develop a true three-dimensional model of the human hand and forearm, through the transformation of computer tomography scans into input data to apply Computational Fluid Dynamics to the propulsion analysis in swimming.
METHODS

Computational Fluid Dynamics
Computational Fluid Dynamics methodology consists of a mathematical model applied to the fluid flow in a given domain. This domain replaces the Navier-Stokes equations with discretized algebraic expressions that can be solved by iterative calculations. This domain consists of a three-dimensional grid or mesh of cells that simulates the fluid flow around structures. The fluid mechanical properties, the flow characteristics along the outside grid boundaries and the mathematical relationship to account the turbulence were also considered:
Where k is the turbulent kinetic energy and ε is the turbulent kinetic energy dissipation ratio. V x , V y and V z represent the x, y and z components of the velocity V. µ t is the turbulent viscosity and ρ represents the fluid density. ν is the kinematic viscosity, Φ  is the pressure strain, C 2 , C µ , σ ε and σ k are model constants, 1.92, 0.09, 1.30 and 1.00, respectively. In order to create the three-dimensional digital model, computer tomography scans of a hand and forearm segments of an Olympic swimmer were applied. With these data, the values were converted into a format that could be read in Gambit, Fluent ® pre-processor. Fluent ® software was used to simulate the fluid flow around structures, allowing the analysis of values of pressure and speed around (i.e. the hand and forearm of a swimmer). With these values, force components through the integration of pressures on the hand/forearm surfaces were calculated, using a realistic model of these human segments, thus decreasing the gap between the experimental and the computational data. The numerical method used by Fluent ® is based on the finite volume approach. The solutions of the governing system equations are given in each square element of the discretized whole domain. In order to solve the linear system, Fluent ® code adopts an Algebraic Multi-Grid (AMG) solver. Velocity components, pressure, turbulent kinetic energy and turbulent kinetic energy dissipation (4) ratio are degrees of freedom (DOF) for each element.
Computer tomography scans
Eighteen cross-sectional scans of the right arm (hand and forearm) were obtained using a Toshiba ® Aquilion 4 computer tomography scanner. Computer tomography scans were obtained with configuration of V2.04 ER001. A 2 mm slice thickness with a space of 1 mm was used. The subject was an Olympic level swimmer, who participated in the 2004 Olympic Games in Athens. The subject was lying with his right arm extended upwards and fully pronated. The thumb was adducted and the wrist was in a neutral position (Fig. 1) . This protocol has been approved by the appropriate ethical committee of the institution in which it was performed, and the subject consented to participate in this work. 
Conversion into relevant coordinate input
The transformation of values from the computer tomography scans into nodal coordinates in an appropriate coordinate system demands the use of image processing techniques. The image processing program used in this study was the Anatomics Pro ® . This program allowed obtaining the boundaries of the human segments, creating a three-dimensional reconstruction of the swimmer hand and forearm. This program uses computational functions, graphics functions and mouse functions. At first, before processing and converting procedures the data was prepared, namely by observing the computer tomography data and erasing the non-relevant parts of the anatomical model. For example, surfaces supporting the subject were also scanned, reason why it had to be defined the relevant points and deleted the irrelevant ones. This step was also conducted using the software FreeForm Sensable ® . Finally, the data was converted into an IGES format (*.igs), that could be read by Gambit/Fluent ® to define the finite elements approach through the three-dimensional surfaces. Figure 2 shows the hand and forearm model produced by the image processing techniques. It showed an almost perfect agreement with the true human segment. This technique could lead to overcome the difficulty to develop a true threedimensional model of a specific segment of the human body. One of the main limitations of the application of numerical techniques in swimming research is the quality of the models used to represent the human limbs. Indeed, there are few studies applying this computational tool in the analysis of human swimming propulsion and they used very simple representations of the human body (Bixler and Schloder, 1996; Silva et al., 2005; Gardano and Dabnichki, 2006; Rouboa et al., 2006) . Despite the important contributes of those studies, the design and the use of a more realistic model is an essential feature to the development of Computational Fluid Dynamics in swimming analysis (Gardano and Dabnichki, 2006) . The generation of a three-dimensional model from the computer tomography scans of the human limbs has been used in other fields, such as in biomedical and engineering scopes (e.g. Tu et al., 1995; Aritan et al., 1997; Long et al., 1998) . Prosthetic design and analysis, for instance, require a correct description of the limb geometry, allowing the output from the program to be used as a digital input for manufacturing prosthetics or limb models. Moreover, the magnetic resonance imaging techniques could allow clear separation of the skin, fat and muscle layers. Furthermore, the local compartment fat content can be estimated with a high level of accuracy (Aritan et al., 1997) . These applications suggest that there is scope for some physiological applications such as finding muscle cross-sections or volumes. However, in this study, only the outer contour of the hand and forearm were considered. The generation of the mesh of cells to define the finite elements, allowing the analysis of the fluid flow takes place around those segments. The mesh of the whole domain was defined in Gambit Module, a mesh tool of the Fluent ® software. The hand/forearm model was placed centred in the domain with larger dimensions in order to determine the undisturbed boundary conditions. The schematic design of the computational model is shown in Figure 3 . The whole domain was meshed with a hybrid mesh composed of prisms and pyramids. With this model, it was possible to export the generated mesh to the Fluent ® processor, where the conditions suitable to be computed were defined. It was possible to compute the force values produced by the hand and forearm model through the integration of pressures on the hand/forearm surfaces (Fig. 4) . Fluent software allows the analysis of the force components in the three directions of the space, with the model with different orientations, as it occurs in swimming. However, one should note that simulation or modelling of water flow conditions around the hand and forearm when treated as one segment does not illustrate the complexity of propulsion generating process. It is widely known that propulsion generated by the upper extremity is a result of mutual displacement of each segment in three dimensions (Toussaint et al., 2002) . Moreover, the upper arm can provide effective propulsion through most of the stroke (Gardano and Dabnichki, 2006) . Thus, further research must consider these concerns and the movement at the wrist, elbow, and shoulder joints must be added in the modelling of the arm propulsion. The human model obtained with computer tomography scans can be used to evaluate accurately various aspects of unsteady motion, such as accelerations, decelerations, and multi-axis rotations of the propelling segments. This aim could be achieved by performing transient time-dependent numerical simulations including user-defined functions and moving meshes allowing simulating the swimmer's movements (Lyttle and Keys, 2006) . Thus, the computer tomography scans allowed the creation of a complete and true digital anatomic model of a swimmer hand and forearm. This could help to improve the use of Computational Fluid Dynamics in swimming studies, decreasing the gap between the experimental and the computational data. 
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